In this study, we employed the density functional theory (DFT) to study the interactions between gaseous air pollutants, including di-atomic (CO and NO), tri-atomic (CO 2 and HCN), and poly-atomic (HCHO and COCl 2 ) species, and Ti-doped zigzag graphene nanoribbon (ZGNR) structures. During this, two types of doped structures are considered, i.e., SV-ZGNR in which Ti replaces one carbon atom and DV-ZGNR, in which Ti atom replaces two adjacent carbon atoms. All gases under consideration are observed to exhibit significant adsorption energy over doped ZGNR except COCl 2 for which a catalytic dissociation is observed. Our results indicate that doped ZGNR is better for CO, NO, and HCHO adsorption as compared to that for reported doped graphene sheet. Also, DV-ZGNR is preferred over SV-ZGNR in terms of adsorption. Moreover, due to the adsorption, changes in the density of states are observed which confirms that the Ti-doped ZGNR has potential to be used as the sensing platform for these gases.
Introduction
The detection of biologically and environmentally harmful gases has long been a priority in scientific research. The application of nano-engineered materials in gas sensing has now long been explored as a possible alternative to traditional sensors. Nanostructures such as nanotubes, nanoribbons, and nanowires have been demonstrated to have advantages due to their greater adsorption capability arising out of a high surface area to volume ratio, and due to their configurability as field effect transistors to develop complete gas sensing circuits without external configuration (Zhang et al., 2008) . The discovery of carbon nanotubes in 1991 paved the way for research into the next generation of high-speed electronic devices (Iijima, 1991) . In recent years, carbon nanotubes have been considered for highly sensitive gas sensing applications due to their unique geometry, morphology and material properties (Wang and Yeow, 2009 ). Similar to carbon nanotubes, Graphene is also an allotrope of carbon with a two-dimensional nature in which the arrangement of atoms is in a hexagonal lattice, as discovered by Novosolov in 2007 (Geim and Novoselov, 2007; Novoselov et al., 2012) . It possesses remarkable electronic and mechanical properties, such as high electronic and thermal conductivities as well as superior mechanical strength, which make it ideal for diverse applications including chemical and biological sensing, high-speed analogue electronics and fuel cells (Liu et al., 2012; Shaari and Kamarudin, 2017) . Moreover, the two-dimensional geometry makes it more suitable for FET-based device fabrication.
However, graphene-based nanostructures further exhibit several properties which an extended 2D graphene sheet does not possess, for e.g., Graphene sheets have zero band gap, and hence they do not exhibit semiconducting behaviour (Mandal et al., 2012) . However, it is possible to introduce some band gap and observe semiconducting nature by using graphene nanoribbons instead (Barone et al., 2006) . Also, the zigzag graphene nanoribbons (ZGNR) exhibit the presence of confined electronic states, and surface states strongly localised near the edges, hence they exhibit good spin-polarised behaviour at the edges and are often considered for application in spintronics (Ruffieux et al., 2016; Zeng et al., 2011) .
The graphene-based nanostructures such as ZGNRs are very often doped chemically to tailor its properties in a more controlled manner (Zhang et al., 2015) . Doping can help to selectively tailor the properties of the nanoribbon as per our requirement (Varghese et al., 2016) . Few common types of doping such as N, B, and Al have been studied for the electronic device and sensing related applications (Huang, 2011; Rad, 2016) . Apart from these, other types of doping such as transition metal doping have also been explored in recent years for applications in gas adsorption and spintronics (Yu et al., 2013) . It has been observed that doping a graphene sheet with Titanium improves its interaction with gas molecules for e.g., significant adsorption of H 2 on Ti-doped graphene was reported (Rojas and Leiva, 2007) . In addition to this, researchers also studied the adsorption of NO 2 , NO, and O 2 on Ti-doped and N-doped 2D graphene sheet (Zhang et al., 2015) . They also studied the adsorption of formaldehyde and other gases on pure, Ti-doped and Ndoped graphene sheets (Zhang et al., 2013) . However, recent studies focussing on Tidoped ZGNR structures have reported an improvement in the adsorption of sulphur containing gases, i.e., SO 2 and H 2 S (Tawfik et al., 2015) , as compared to 2D graphene sheets. All the above studies are based on density functional theory (DFT) which is a highly accurate quantum chemistry approach for electronic structure calculations.
Greenhouse gases such as carbon dioxide and nitrogen dioxide have received significant interest for the design and modelling of sensors and actuators. However, there is a growing demand for the development of devices with higher sensitivity and higher speeds for sensing the presence of gases. Following the development of the first solid state gas sensing device by Seiyama, there have been multiple attempts to make more sensitive sensors. Recent improvements in graphene deposition methods have led to the increased applicability of graphene in the development of gas sensing devices (Yoon et al., 2011) .
In the present study, our aim is to study the interaction of harmful gases CO, NO, CO 2 , HCHO, HCN and with Ti-doped ZGNR using DFT-based calculations. This doping can be done in two ways, first with single carbon vacancy (SV-ZGNR), in which Ti replaces one carbon atom of the ZGNR; and the other one with dual or double carbon vacancy (DV-ZGNR) with Ti replacing two adjacent Carbon atoms. Hence, we have included both types of doped structure in our study. To the best of our knowledge, the adsorption of these gases on Ti-doped ZGNR structures has not been reported in the literature. We have studied the adsorption of these gases on the substrate by introducing the gases in multiple configurations and analysing the changes in the measurable electrical properties before and after the adsorption of the gases. Our results suggest that Ti-doped ZGNR structures can be a viable alternative to graphene sheets as a sensor for these gases.
Computational method
We performed the DFT calculations using the SIESTA package (Ordejón et al., 1996; Soler et al., 2002) . The electron-electron interaction energies are estimated within generalised gradient approximation (GGA) with Perdew, Burke, and Ernzerhof (PBE) as exchange and correlation functional (Perdew et al., 1996) . The Troullier-Martins Pseudo potential is used to calculate interaction energies between ions and electrons (Troullier and Martins, 1991) . Atomic orbitals are realised with double zeta basis plus the polarisation orbital (DZP) basis set. The k-point grid is taken as 1X1X45 for each case. The mesh cut off for the diatomic case is 370 Rydberg but for the polyatomic case, it is 360 Rydberg. Before performing the energy calculations and atomic structure calculation, the structures was relaxed using conjugate gradients (CG) algorithm. The force tolerance was taken as less than 0.001 eV/Ang for the diatomic gases, but in order to reduce the computational costs, it was taken as 0.01 eV/Ang for the polyatomic gases. In the study, a 50 and 49 atoms unit cell (4-ZGNR type) are employed for SV-ZGNR and DV-ZGNR as shown in Figure 1 and Figure 2 respectively. The unit cell is periodic in the Z-direction; a vacuum region of more than 15 Å is kept in the rest two directions to avoid any interactions from neighbouring cells.
Result and discussion
The structure of the single vacancy (SV) and dual vacancy (DV) graphene nanoribbons are obtained by first replacing the carbon atom/s with the titanium atom. In the case of SV-ZGNR, one carbon atom was replaced by the titanium atom, while for DV-ZGNR, two adjacent carbon atoms were replaced. These structures are then relaxed using the CG optimisation method to obtain the final relaxed structure as shown in Figure 1 and Figure 2 respectively and the bond lengths are summarised in Table-I for each case. From the table, it can be seen that the average C-C bond length for Carbon atoms neighbouring the Ti atom in both the cases remained almost the same as for an undoped graphene sheet i.e., 1.42 Å, with the C-C bond length in SV ZGNR being 1.422 Å, and that in DV ZGNR being 1.421 Å. Table 1 Calculated bond length of configurations of Ti-doped ZGNR and gas molecules over them
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Configurations of doped ZGNR and gas-doped ZGNR SV-ZGNR SV-ZGNR with CO SV-ZGNR with NO DV-ZGNR DV-ZGNR with CO DV-ZGNR with NO
C-C (Å) However, there was a significant variation observed in the distance between the titanium and Carbon atoms in both configurations, with the distance between Ti and C being 1.931 Å in the SV case and 2.067 Å in the DV case. Further analysis is done by comparing the density of states plot before and after the adsorption of the gas. The plots are done after shifting the Fermi energy to 0 eV, which helps better analyse the changes in the nature of the density of states plot. However, the partial density of states (PDOS) is plotted with the absolute energy values, without shifting the Fermi energy level to zero. For reference, the Fermi energy levels and the corresponding shifts in the Fermi energy are documented in Table 2 . Another important parameter used to judge the interaction between the gas molecule and the Ti-doped ZGNR is the adsorption energy (E ads ). The E ads for the adsorption of gaseous species over the SV-ZGNR/DV-ZGNR is calculated using equation (1) and values tabulated in Table 3. ( ) ads sv or DV ZGNR Gas SV or DV ZGNR Gas
where the E SV or DV-ZGNR+Gas , E SV or DV-ZGNR and E Gas is the energy of combined system, energy of Ti-doped ZGNR layer and energy of the isolated gas molecule, respectively. 
NO-adsorption
In order to study the gas adsorption over Ti-doped ZGNR structures, the gas molecule is relaxed over the doped ZGNR structure until the force per atom is less than 0.001 eV/Ang.The relaxed structures are shown in Figure 3 and Figure 4 . Again, the values from Table 1 reflect that in both the cases, the distance between the Ti atom and the O atom, and the Ti atom and the N atom is found to be nearly identical. This indicates that the Ti atom interacts with both the N and O atom of the NO gas. In the case of SV-ZGNR, we observed an increase in the C-C bond lengths of the Carbon atoms nearest to the Ti atom from 1.422 Å to 1.459 Å, as well as an increase in the Ti-C bond length to 1.985 Å. These changes can be seen because the Ti and C atoms move further out of the plane of the ZGNR in the presence of NO. The changes in bond lengths for DV ZGNR are far less pronounced, as can be seen from Table 1 . From Table 3 , it can be observed that NO molecule has higher adsorption energy over DV-ZGNR than SV-ZGNR, which is -2.86 eV and -3.13 eV respectively. Also, the adsorption energy values for both SV and DV-ZGNR are significantly higher than reported values for Ti-doped 2D graphene sheet (Zhang et al., 2013) . This shows that adsorption is preferred over Ti-doped DV-ZGNR as compared to SV-ZGNR which is still better than graphene sheet. In order to observe the effect of gas adsorption on the electronic structure of ribbon, the density of states (DOS) is plotted for the range of -10 eV to 10 eV, as shown in Figure 5 and Figure 6 . Due to the interaction of ribbon with the gas molecule, a shift was observed in the DOS. Due to this shift, one can expect the electron density of ribbon to change, which will ultimately be reflected as change in the current during two probe measurement. There are significant shifts seen in the DOS plots around the Fermi energy level. Due to these changes, a change in the I-V characteristics of the substrate after adsorption with NO is expected. Further changes are also observed further away from the Fermi energy level, which however is expected to contribute less to the electron transportation. Further, the PDOS as shown in Figure 7 , is analysed carefully to observe the interaction between the orbitals of Ti and the atoms of the gas molecule. In both the cases of SV and DV-ZGNR, we can observe from the PDOS plot that the 3d orbital of Ti, 2p orbital of N and 2p orbital of O overlap in the region between -5 eV and 0 eV. Further, an overlap is also observed near -10 eV. This confirms the interaction between the Ti atom and the atoms of the gas molecule. 
CO-adsorption
The interactions between CO and Ti-doped ZGNR can be seen in Figures 8 and 9 . After the adsorption, the O atom is found to be closer to the Ti atom for both the cases, indicating a stronger interaction these two atoms rather than the Ti atom and the C atom of the gas. However, interestingly, the interaction of the CO gas molecule with the DV-ZGNR is strikingly different. The C atom of the gas molecule bends slightly towards the nanoribbon and causes a distortion in the structure of the nanoribbon itself. The C atom nearest the C atom of CO gas is raised slightly and interacts with it. Again from the Table 3 , it can be concluded that adsorption of CO molecule is preferred over DV-ZGNR than SV-ZGNR. Here also, the adsorption energy values for both SV and DV-ZGNR are significantly higher as compared to the reported values for Ti-doped 2D graphene sheet (Zhang et al., 2013) . The density of states plots were used to study the interaction between the CO and the doped ZGNR (Figures 10 and 11 ). There are smaller changes observed in the density of states plot for the two cases, around the Fermi energy level, as compared to the adsorption of NO. These changes are again likely to reflect in the I-V characteristics of the system. From the PDOS plot shown in Figure 12 , we can observe the overlap between the 3d and 2p orbitals of titanium and oxygen respectively, especially in the region between -5 eV and 0 eV. In the case of SV-ZGNR, there is an overlap observed between the 2p orbital of C atom and the 3d orbital of Ti atom, whereas this overlap is almost negligible in the case of DV-ZGNR.
CO 2 -adsorption
The interactions between CO 2 and Ti-doped ZGNR vary in the case of SV-ZGNR and DV-ZGNR (Figures 13 and 14) . After the adsorption, the O atom is found to be closer to the Ti atom for both the cases, indicating a stronger interaction these two atoms rather than the Ti atom and the C atom of the gas. The interaction of the CO 2 gas molecule with the DV-ZGNR is strikingly similar to that of carbon monoxide. The C atom of the gas molecule bends slightly towards the nanoribbon and again causes a distortion in the structure of the nanoribbon. The C atom of the nanoribbon nearest the C atom of CO 2 gas is raised slightly and interacts with it. Again, from Table 3 , it can be concluded that adsorption of CO 2 molecule is preferred over DV-ZGNR as compared to SV-ZGNR, similar to the case of NO and CO. Inspecting the DOS graph plotted, we observe that for the case of SV-ZGNR, there is a significant shift observed between the DOS plots between 0 eV and 5 eV as shown in Figure 15 . Similarly, a shift is observed between -5 eV and 0 eV for the case of DV-ZGNR as shown in Figure 16 . Again from PDOS plots in shown in Figure 17 , in both cases, there is significant overlap witnessed between the 3d and 2p orbitals of titanium and oxygen atom respectively, in the region between -5 eV to 0 eV. For the same energy range, an overlap is observed between the Ti orbitals and the 2p-orbital of C atom of the gas in the case of SV-ZGNR, but it is almost negligible for DV-ZGNR. Hence, it can be concluded that Ti-3d and O-2p are the major cause of the interactions in the second case. 
HCN-adsorption
The interactions between HCN and Ti-doped ZGNR are again studied in the case of SV-ZGNR and DV-ZGNR (Figure 18 and 19) . The hydrogen cyanide molecule is introduced into the system in multiple configurations, with carbon atom and nitrogen atoms respectively closer to the titanium atom. The interaction of HCN with SV-ZGNR and DV-ZGNR vary significantly. Similar to the case of adsorption of CO and CO 2 , in the case of DV-ZGNR, the Carbon atom interacts with the substrate, forming a strong interaction with the substrate chain. This further causes an increase in the adsorption energy of the gas.
The values for the adsorption energy ( Table-III) hence calculated indicate once more that the adsorption of HCN is preferred over DV-ZGNR. Proceeding as before, here also the DOS is plotted. For both cases, there is a significant shift observed between the DOS plots close to 0 eV (Figure 20) , especially between 0 eV and 5 eV, as shown in Figure 20 and Figure 21 . Further, HCN has a unique attribute of having a positive shift in the Fermi energy level, as against the negative shift observed in all other cases (Table 2 ). Again from the PDOS plots shown in Figure 22 , in the case of SV-ZGNR, there is a significant overlap witnessed between the 3d orbitals of titanium and the 2p orbitals of carbon and nitrogen atoms, in the region between -5 eV to 0 eV. For the energy range of -5 eV to 2 eV, an overlap is observed between the Ti-3d orbitals and the 2p orbital of C atom and N atom of the gas in the case of DV-ZGNR. 
HCHO-adsorption
The interactions between HCHO and Ti-doped ZGNR vary slightly in the case of SV-ZGNR and DV-ZGNR (Figures 23 and 24) . Initially, the formaldehyde molecule was introduced with Oxygen atom closer to Ti atom, as reported by Zhang et al. in the interaction of formaldehyde with the graphene sheet. The interaction of HCHO with SV-ZGNR and DV-ZGNR appears similar in terms of the interaction between the gas molecule and the graphene nanoribbon, with only slight variations in the bond lengths of C-Ti and Ti-O. Again from Table 3 , it can be concluded that adsorption of HCHO molecule is preferred over DV-ZGNR than SV-ZGNR. Here also, the adsorption energy values for both SV and DV-ZGNR are higher as compared to the reported values for Ti-doped 2D graphene sheet (Zhang et al., 2013) . Similar to the previous gases studied, adsorption is also preferred over Ti-doped DV-ZGNR as compared to SV-ZGNR which is altogether better than Ti-doped graphene sheet (Zhang et al., 2013) . Again, here also the DOS is plotted. For the case of SV-ZGNR, there is a significant shift observed in the DOS plots, between 0 eV and 2 eV as shown in Figure 25 . Also, a significant shift is observed between 0 eV and 5 eV, for the case of DV-ZGNR as shown in Figure 26 . Again, from the PDOS plot shown in Figure 27 , in the case of SV-ZGNR, there is a significant overlap witnessed between the 3d and 2p orbitals of titanium and Oxygen atoms respectively in the energy ranges -7 eV to 0 eV and 5 eV to 10 eV. For the energy range of -5 eV to 0 eV, an overlap is observed between the Ti orbitals and the 2p-orbital of C atom of the gas in the case of DV-ZGNR. Hence, the interactions are primarily between 3d of Ti and 2p of O atom. 
COCl 2 adsorption
The interaction of phosgene on the Ti-doped ZGNR structure occurs in an interesting manner. Titanium acts as a catalyst for phosgene. Phosgene dissociates into carbon monoxide and chlorine gas. The interaction of SV-ZGNR with phosgene was studied under various configurations, and in all configurations, the catalytic action of titanium caused phosgene to split into chlorine and carbon monoxide gas. Similar to the case of SV-ZGNR, the interaction with DV-ZGNR results in dissociation when phosgene is introduced with chlorine atom closer to the Ti atom. However, if phosgene is introduced with oxygen atom closer to the titanium atom, a strong interaction occurs between oxygen atom and titanium atom, without causing the catalysis of phosgene, with adsorption energy close to 2 eV. Moreover, more extensive analysis needed for better understanding of this phenomenon.
Conclusions
The study and analysis of the adsorption of harmful gases on the surface of Ti-doped ZGNR structures are essential for the formulation of a method to detect these gases. Our study demonstrates that for the adsorption of NO, both SV and DV-ZGNR showed significant adsorption energies of -2.86 eV and -3.13 eV respectively. In the case of CO gas, the adsorption energies are lower than that for NO gas, with -1.3 eV and -1.96 eV for SV and DV-ZGNR respectively. In the case of Formaldehyde, the adsorption energy observed is almost identical for SV and DV-ZGNR respectively. The adsorption energies for all the above three gases are significantly higher than the values reported for the 2D-graphene sheet. Other than these gases, adsorption of HCN over both types of doped structures are observed with moderate adsorption energies of -1.86 eV and -2.91 eV for SV and DV-ZGNR respectively. The adsorption of CO 2 over the doped structure varies with very small adsorption energy of -0.89 eV for SV-ZGNR to a fairly considerable value of about -2.26 eV for DV-ZGNR. In the end, by looking at the difference between the adsorption energy for SV and DV-ZGNR, one can conclude that for all gases under consideration adsorption is preferred over the DV-ZGNR structure. Interestingly, for the case of COCl 2 , a catalytic dissociation is observed on interaction with the doped ZGNR structure. The above discussion clearly indicates that Ti-doped ZGNR structures have great potential for gas sensing applications.
